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A B S T R A C T
Aluminium-based composites reinforced with carbon nanotubes are widely sought for their outstanding me-
tallurgical and structural properties that largely depend on the manufacturing route. In this work, the process-
structure-property relationship for a composite made from high-energy-ball-milled pure Al and multi-walled
carbon nanotubes (MWCNT) processed by laser powder-bed-fusion additive manufacturing was investigated.
The response of MWCNT to laser irradiation and their interfacial reactions with Al were probed in a holistic
investigation. X-ray diﬀraction conﬁrmed the partial transformation of C into Al-carbides in addition to the
presence of some nano-crystalline graphitic materials. Microscopy revealed evidence of carbides segregation at
the melt pool boundaries as well as migration along the build direction. Micro Raman spectroscopy showed that
laser irradiation promoted re-graphitisation in MWCNT, reducing the amount of defects introduced by milling.
Two types of Al4C3 formed as a result of the metallurgical reaction between Al and MWCNT. These were needle-
like and hexagonal Al4C3 and their mechanisms of formation, direct precipitation and dissolution-precipitation,
respectively, were explained in light of the thermal proﬁle experienced by the material during melting and
solidiﬁcation. Large scale electron backscatter diﬀraction showed that there is no distinctive texture developing
during melting and solidiﬁcation. Micro- and nano-indentation testing showed uniform mechanical properties.
1. Introduction
Pure aluminium has the lowest strength compared to its alloys,
which is why Al is mostly used in the form of an alloy [1] despite the
success of studies on strengthening pure Al [2–5]. Al alloys have at-
tractive properties, such as low density (2.7 gm/cm3), high strength [1],
adequate hardenability [6], good corrosion resistance [7–9], and ex-
cellent weldability [6]. As the demand for technologically complex and
economically sustainable products increases, opportunities for Al
within industry are expected to further increase. Al is suitable for nu-
merous applications, such as automobiles [10], food and beverage
packaging, building construction, electricity transmission, transporta-
tion infrastructure, defence, aerospace, and machinery and tools pro-
duction [7,9]. One of the methods to strengthen pure Al is mechanical
alloying with a reinforcing material, such as multi-walled carbon na-
notubes (MWCNT), which adds strength through their characteristic
architecture that grants them their superior mechanical properties [11].
The powder-bed fusion technology selective laser melting (SLM) is
now being used for in-situ production of metal matrix composites
(MMC) [12] as well as amorphous/glassy (metallic glass), nanocrys-
talline, or ultraﬁne-grained structures [13]. Gu et al. used SLM's in-situ
alloying capability to produce novel AlSi10Mg-based [14], Al-TiC [15],
and AlSi10Mg-TiC [16] composites with multiple reinforcements
leading to enhanced mechanical properties. All these attempts focussed
on reinforcing Al alloys with various types of carbides. Wang et al. [17]
added carbon nanotubes (CNT) to AlSi10Mg via ball milling with the
aim of material strengthening. Although the SLM material showed
higher tensile strength with CNT, the reason behind this was unclear
since the phases present after SLM were not precisely identiﬁed. Zhao
et al. [18] reported the presence of only α-Al and eutectic Si in the same
composite based on X-ray diﬀraction patterns, suggesting that the CNT
have decomposed during processing. Du et al. [19] used a simple wet
mixing method to attach CNT to the surface of AlSi10Mg particles. The
mixing technique was unable to disperse the CNT into the matrix
homogeneously, as clusters of CNT were present. The authors reported
grain reﬁnement to be promoted by the presence of CNT during
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processing, improving the material's hardness. However, the tensile
properties deteriorated with CNT, a ﬁnding that contradicts Wang et al.
[17]. Similar outcomes were observed when adding CNT to IN625 using
a similar methodology, but post-process heat treatment improved the
tensile strength signiﬁcantly [20]. Du et al. [19] have demonstrated
that the fracture surfaces contained CNT clusters to which the failure
was attributed via crack-bridging. Therefore, SLM of a CNT-MMC might
not necessarily lead to their full decomposition.
Selective laser melting fabricates complex structures from loose
powder, adopting a layer-based additive manufacturing approach [21].
Unmatched degrees of design freedom and part complexity are among
its promises. Furthermore, the process imposes rapid cooling and soli-
diﬁcation rates during processing, which produces parts with char-
acteristically ﬁne microstructures that grant the fabricated parts su-
perior performance. Although SLM commonly uses readily available
commercial alloys, the development of new, speciﬁcally-tailored
powder mixtures is of growing interest. A promising route to produce
bespoke SLM feedstock is blending metal powders with diverse prop-
erties [22]. Coating a material of high reﬂectivity with another of high
laser absorptivity could also be a means for better material processa-
bility.
The studies in the literature in this ﬁeld of in-situ alloying of Al-
alloys focus on the AlSi10Mg alloy, which is already processable by
SLM. Investigating the eﬀect of MWCNT on the processability of the
diﬃcult-to-process pure Al is yet to be explored. An Al-MWCNT com-
posite is made up of a material that has low absorptivity (Al), which
already poses challenges to SLM processing and another which has
extremely high absorptivity (CNT > 99%). To the authors’ knowledge,
the response of this particular composite to laser irradiation in SLM has
not been previously investigated. Therefore, the aim of this paper is to
investigate the possibility of processing Al-MWCNT as a composite
material, using and exploiting the high heat and cooling rates in SLM,
studying the type and architecture of reinforcements produced, thereby
providing a new route for the processing of novel material combina-
tions.
2. Experimental work
2.1. High energy ball milling of Al-MWCNT composite
Elicarb® MWCNT synthesized by chemical vapour deposition were
acquired from Thomas Swan Corporation (UK) with 10–12 nm diameter
and lengths extending to tens of microns (Fig. 1 (a)). The 200-mesh size
pure aluminium (Al) was supplied by ALPOCO (Fig. 1 (b)). Al powder
was high-energy ball-milled (HE-BM) with 2 wt% MWCNT in stainless
steel vials in a Retsch planetary ball mill PM400 MA with a ball-to-
powder weight ratio of (5:1) for 1 h at 400 RPM. The choice of MWCNT
content and ball milling parameters was educated from earlier studies
[11,23–25]. Minute amounts, 0.18 μL per vial, of high purity Ethyl al-
cohol were added to the milling vials to balance the repetitive powder
cold welding and fracturing to achieve uniform dispersion of MWCNT.
All powder handling took place in a glove box under controlled argon
atmosphere. The morphology of the mechanically-alloyed powder was
imaged using a Hitatchi TM3030 scanning electron microscope (SEM)
with a 15 kV accelerating voltage using a backscatter electron detector
and a JOEL 7100F FEG-SEM (Field Emission Gun – Scanning Electron
Microscope) whereas its ﬂowability was tested using a Hall ﬂowmeter
funnel following the ASTM standard B213 [26]. The powder was dried
overnight at 70 °C because this can reduce porosity by 50% [27] since
gas phases in the starting powder, such as hydrogen due to surface
moisture, signiﬁcantly suppress densiﬁcation [28].
2.2. In-situ alloying of Al-MWCNT composite by selective laser melting
The powder was sieved (75-μm) then processed using a Realizer
GmbH SLM-50® (Germany) machine, equipped with a 100W Yttrium
ﬁbre laser (YLM-100-AC) with a 20 μm spot size, under inert atmo-
sphere (Ar) with an oxygen level below 0.2%. Single walls (5 mm high),
i.e. individual tracks accumulating along the build direction, were
constructed onto a polished Al substrate using a 100W laser power,
40 μm layer thickness, and 250mm/s scan speed. The platform on
which the samples were built was maintained at 200 °C. Further,
5× 5×5mm3 test cubes were fabricated using a hatch spacing of
50 μm and a pre-melt scan strategy. The idea behind the pre-melt scan
strategy is to promote particles sintering prior to laser irradiation with
the full power [29] and act as an in-situ drying step thus reducing gas
porosity [27]. In order to assess the eﬀect of MWCNT addition on the
processability of pure Al, Al powder without MWCNT was ball milled
using the same milling parameters to experience a similar amount of
severe plastic deformation. The unreinforced powder was also pro-
cessed by SLM following the same procedure for the reinforced mate-
rial.
2.3. Selectively laser melted Al-MWCNT samples metallurgical properties
characterisation
Three sets of cubes were cross-sectioned, polished, etched, and
microscopically imaged. One set was etched using Keller's reagent
(etchant 1) by swabbing (2–3 swabs), the second was subjected to deep
etching by immersion in Keller's reagent for 5 min, and the third was
Fig. 1. SEM images showing the mor-
phology of (a) multi-walled carbon nano-
tubes, (b) pure Al powder, (c) high energy
ball-milled Al-MWCNT powder demon-
strating the irregular morphology, and (d)
some particles that were ﬂattened by severe
plastic deformation. MWCNT embedded
inside the Al particles is presented in (e) and
(f) shows a signiﬁcantly large particle that
contains much ﬁner cold-welded particles.
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immersed in 25 ml methanol, 25 ml hydrochloric acid, 25 ml nitric
acid, and 1 drop of hydroﬂuoric acid (etchant 2) for 20–30 s. A Nikon
Eclipse LV100ND optical microscope and a JOEL 7100F FEG-SEM were
used to study the microstructure of the etched samples. A Hilton Brooks
PW1050 X-ray diﬀractometer using Cu Kα radiation at a wavelength of
0.154 nm operating at 40 kV and 20 mA was used to collect the XRD
patterns for the powder and bulk samples. The speed of the scan was set
to 1° per minute and the step size was 0.05. A thin lamella was prepared
using focussed ion beam milling (FIB) on a FEI Quanta 200 3D Dual
Beam FIB-SEM for transmission electron microscopy (TEM) investiga-
tion. A JOEL-2000FX TEM and a JOEL-2100+ TEM with W and LaB6
ﬁlament electron guns, respectively, were used to study the reinforce-
ments. Micro Raman spectroscopy was performed using a Horiba Jobin
Yvon LabRAM HR Raman spectrometer. Spectra were acquired using a
532 nm laser at 0.34mW power, a 100x objective lens, and a 300 μm
confocal pinhole. For each powder sample, single point measurements
from ﬁve random areas were acquired over the range 100–4000 cm−1.
A lateral spectroscopic map of the cross-sectioned sample was obtained
over the range 150–1800 cm−1 in 1 μm steps. The spatial resolution was
~1x1x5 μm (xyz). Electron backscatter diﬀraction (EBSD) maps were
collected using a JOEL 7100F FEG-SEM equipped with Oxford
Instruments AZtec HKL Advanced EBSD System (with NordlysMax3) for
crystallographic characterisation. Maps were collected at an accel-
erating voltage of 15 kV.
2.4. Selectively laser melted Al-MWCNT samples mechanical properties
characterisation
A Buehler Vickers hardness tester was used to measure the micro-
hardness on the polished samples, applying 10 indentations per sample
at a load of 3 N. The samples were also nanoindentation hardness tested
using a MTS XP nano-indenter. A Berkovich diamond tip was used
applying 25 indentations per sample, taking into account the indenter
tip area function, as well as thermal drift correction. Tests were per-
formed in accordance with the ASTM standard E2546 [30] in a load-
controlled mode. The maximum indentation load was set to 500mN
and the spacing between adjacent indentations was set to 100 μm.
3. Results & discussion
3.1. Mechanically-alloyed MWCNT reinforced aluminium powder
characterisation
Upon irradiating the powders with a laser beam, there exists an
energy balance between conductivity (K) and absorptivity (A). The
absorptivity or reﬂectivity of the powder depends not only on the
physiochemical properties of the powder but also on their granular
morphology and apparent density. The properties of the powder being
one of the process variables [31] that highly aﬀect processing [32]. In
contrast to irregular particles, spherical particles mean better ﬂow-
ability [33] and higher packing density; two characteristic features that
are pre-requisites in SLM [13,34]. The challenge here is that mechanical
alloying produces powder that has been subjected to severe plastic
deformation, resulting in particles’ fracturing and cold welding [3,5].
Therefore, it had an irregular morphology (Fig. 1 (c), (d) and (f)),
compromising the ﬂowability. The ﬂowability of the composite was
90 s/50 g; this is relatively poor compared to other alloys processed by
SLM [29,35]. However, this can be overcome through deploying the
pre-melt scan strategy during SLM processing [35].
3.2. Selective laser melting of pure Al and Al-MWCNT composite
Olakanmi [36] studied the eﬀect of SLM parameters on processing
pure Al. Fully consolidated samples were not achieved, as the powder
seemed to sinter rather than melt due to its high reﬂectivity. In the
current study, it was possible to fabricate single walls from pure Al.
However, their structural integrity was very poor, suggesting limited
processability, in agreement with [36], contrary to the intact Al-CNT
walls. All attempts to fabricate cubic samples from pure Al failed as
instead of forming cubes, the material created lumps. Therefore, it can
be asserted that MWCNT addition signiﬁcantly improved the proces-
sability where cubic samples were successfully fabricated.
Zhao et al. [18] asserted that the laser energy needed to process
AlSi10Mg coated with MWCNT was higher than that needed for the
uncoated powder, suggesting that the laser energy absorbed by the
MWCNT was not eﬃciently transferred to the AlSi10Mg particles. In the
current study, the fact that the same amount of energy that was unable
to process pure Al was capable of processing the Al-MWCNT powder is
an indication that the good physical interaction and bonding between
the MWCNT and Al particles through Van der Waal's forces, realised by
severe plastic deformation, assisted the energy transfer. The diﬀerence
between the current study and that of [18], besides the use of pure Al
instead of AlSi10Mg, is the mixing process. Zhao et al. [18] used slurry
ball milling, which allowed the dispersion of the MWCNT into the
powder without subjecting them to severe plastic deformation, i.e. the
morphology of the powder was not largely deformed as in the case of
ball milling, although the contact between MWCNT and Al particles
was compromised. However, balling milling embeds the MWCNT inside
the Al particles rather than just coating Al with MWCNT [24], as can be
seen in Fig. 1 (e). The type of bonding between the Al matrix and the
MWCNT reinforcement when using high energy ball milling is a me-
chanical bond realised by mechanical alloying [37].
3.3. Characterisation of the selectively laser melted Al-CNT composite
Both types of porosity – gas and lack of fusion [27,29] – formed in
the SLM samples (see Fig. 2). The lack of fusion pores have irregular
morphologies besides being larger in size [29] and they sometimes take
the half-moon shape characteristic of the melt pools. They also occa-
sionally contained un-melted powder. Some pores had high aspect ra-
tios with their lengths spanning across several layers, where the length
of one pore was nearly 450 μm, whereas the layer thickness was 40 μm.
The microstructure of the sample (Fig. 2) exhibited regions that
were rich in Al and others that were decorated with secondary phases
that were conﬁrmed to be Al-carbides, as will be demonstrated later. In
order to reveal the Al4C3 phase under the optical microscope, etchant
number (2) was used where all the chemical elements were diluted in
water. According to Zhou et al. [38], deep etching in water-containing
reagents leads to the formation of Al(OH)3 and the liberation of CH4
according to the chemical reaction (Al4C3 + 12H2O → 4Al
(OH)3 + 3CH4), leaving expanded impressions on the sample where the
Al4C3 initially was. This aided in visualising the distribution of the
carbides along the length of the sample. As per Fig. 2 (e), a relatively
higher density of the carbides can be seen closer to the top layer (the
darker phase). The source of these carbides is the MWCNT present in
the material where the Al reacts with C according to the chemical re-
action (4Al + 3C→ Al4C3) under the inert atmosphere (Ar) used in the
SLM process, as will be explained later, along with the mechanism of
their formation. Therefore, it is not unexpected to see these form in
close proximity to the MWCNT, indicating that migration of the
MWCNT and the carbides with additional layers potentially occurred
due to the thermal gradient in the material. The Al4C3 phase decorated
the matrix mostly by segregating along the boundaries/overlap of the
scan tracks (Fig. 2 (f)) and, unlike other Al alloys processed by SLM, it
was not possible to observe the individual melt pools across the sample.
However, the shell-shaped melt pools were observed in the cross-sec-
tion of the top layer, suggesting that the repetitive melting and solidi-
ﬁcation due to the penetration of the laser energy into the preceding
layers is wiping away this structure along the depth of the sample.
The XRD patterns for the powder and bulk samples are shown in
Fig. 3 (a). The MWCNT, as-received and milled pure Al powder patterns
were collected as reference materials. The patterns demonstrate the
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crystal structure reﬁnement after ball milling in the form of peaks
broadening and shortening [3]. The pattern returned from the Al-2wt%
MWCNT powder sample shows the four characteristic peaks for Al
corresponding to the (111), (200), (220), and (311) planes in the face-
centred cubic (FCC) crystal structure. No peaks for MWCNT or alumi-
nium carbides were observed, agreeing with earlier published results
[39]. Potential reasons are the low concentration of MWCNT, strain
eﬀects, or damaging the MWCNT during milling, which can yield them
amorphous. The last factor can be excluded as the XRD scan from the
SLM sample revealed the presence of a MWCNT peak at 26.6° (in the
same position as the peak observed when scanning MWCNT on their
own but signiﬁcantly weaker and narrower) alongside some aluminium
carbide peaks reﬂecting the formation of Al4C3. MWCNT surviving laser
irradiation during AM processing has been reported when using laser
deposition techniques despite the introduction of a higher density of
defects [40]. Heterogeneous nucleation of carbides is connected to the
presence of defects in MWCNT where C atoms are at a higher energy
state [41], e.g. the dangling carbon atoms at the nanotube termini or
dislocations within the CNT sidewalls [38]. The high surface tension of
Al (860mN/m at 750 °C) creates poor wetting between the molten Al
and the MWCNT with a high contact angle (~130-140° [42]). The high
surface tension forces the MWCNT to move closer to each other leading
to the potential formation of clusters. Hence favouring stir casting as a
conventional processing technique to help disperse the MWCNT into
the Al matrix. However, after Al4C3 starts to form, the contact angle
decreases by nearly 70% to roughly 50-70°. The improved wetting
promotes inﬁltration of the metal into the MWCNT allowing better
dispersion [40] and enhances the interfacial properties [42]. The
measurements for the amounts of the various phases, calculated by the
relative intensity ratio method which is a semi-quantitative method,
were as expected for an Al-2wt% MWCNT composite. Carbon/graphite,
Al4C3, and pure Al accounted for 1.4%, 0.9%, and 97.8%, respectively.
The lattice parameter was calculated using Bragg's law from the
diﬀraction patterns to be 0.40 nm, agreeing with the standard for pure
Al, as per the ICDD PDF 00-004-0787. The full width at half maximum
height (FWHM) for each of the characteristic peaks was measured from
the collected patterns of the as-received Al powder, the high energy ball
milled Al-MWCNT powder, and the SLM Al-MWCNT sample. These are
presented in Fig. 3(b). High-energy ball milling resulted in the most
signiﬁcant peak broadening due to the severe plastic deformation ex-
perienced by the material and the introduction of large amounts of
strain. This is in agreement with similar studies in the literature [2].
The peaks in the SLM sample were narrower than those of the ball
milled powder but broader than those of the as-received Al powder.
During SLM, the powder melts and solidiﬁes, which in the course of the
process can cause relative coarsening as the material is maintained at
higher temperatures, i.e. in a molten state, for longer. The elevated
temperatures at which SLM operates can also promote dislocation an-
nihilation, reducing the density of dislocations. This reverses the in-
ﬂuence of severe plastic deformation on the dislocation's density during
ball milling. A change in peak intensities was also observed; the in-
tensity of the (111) peak was reduced whereas the (200) peak showed a
higher intensity. This can potentially be explained as having a preferred
orientation of the Al crystals in the SLM sample. This will be further
explained in the EBSD section later on.
The Al matrix decorated with Al4C3 can be seen in the TEM image in
Fig. 4 (a) with the respective selected area diﬀraction patterns (SADP)
in Fig. 4(g and h). The carbides mostly segregated along the boundaries
of the Al grains (Fig. 4(a and b)), showing a lower content towards the
cores. Their sizes ranged from tens to hundreds of nanometers. The
carbides solidiﬁed with either a needle-like or well-crystallised hex-
agonal morphology, as shown in Fig. 4 (d) and (e). This further supports
the XRD results; a fraction of the MWCNT reacted with the Al during
melting and solidiﬁcation to form aluminium carbides due to the ele-
vated processing temperatures involved in SLM. This reaction is fa-
voured at a temperature corresponding to the operation temperature of
the cell (~970 °C [43]). According to Ci et al. [42], Al starts to react
with CNT under a protective atmosphere of argon in the range of
temperatures between 450 and 950 °C and with the chemical reaction
that produces Al4C3 occurring at temperatures above the melt point of
aluminium (650 °C). It is believed that the high melt pool temperatures
associated with the process, therefore, promoted this reaction, hence
the high content of carbides formed. As per Novak et al. [43], the
needle-like Al4C3 crystals form directly by precipitation from C
Fig. 2. Microstructure of the material showing the distinction between the Al-rich (I) and Al-carbides-rich (II) regions (a-d). The distribution of the carbides along the
melt pool boundaries on a cross-sectional view of the XY plane of the sample and their migration to the top of the sample with layer addition on the XZ plane are
presented in the stitched image in (e) and image (f).
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dissolving in the molten Al that is supersaturated with C during cooling.
On the other hand, the hexagonal particles form by a dissolution-pre-
cipitation mechanism [44]. Upon attaining supersaturation whilst the
molten Al is in contact with the C source, MWCNT in this study, Al4C3
crystals expand laterally into hexagons; the hexagonal face corre-
sponding to the basal plane of the Al4C3, with the c-axis of the hexagon
being preferentially oriented parallel to that of the substrate. These
hexagonal features then act as barriers hindering growth in the vertical
direction so lateral expansion is favoured. The growth direction can be
clearly seen in Fig. 4 (b) and (e). They also act as protective layers
reducing further consumption of the MWCNT.
Despite the transformation of some of the MWCNT upon laser ir-
radiation into needle-like crystals and hexagonal particles of Al4C3,
MWCNT that survived the laser irradiation can be seen in Fig. 5. A more
eﬀective and reliable way to observe the MWCNT was deep etching in
Keller's reagent, a process in which the Al4C3 decomposes through the
reaction with water in the etchant [38,43] and the MWCNT are pre-
ferentially revealed [39], as shown in Fig. 5 (a) and (b). It is worth
noting that the rates of decomposition for the two diﬀerent types of
carbides with deep etching vary, hence the hexagonal particles were
still partly visible on the sample surface when the needle-like ones had
already decomposed. Another example for MWCNT within one of the
needle-like Al4C3 is presented in Fig. 5 (c), where a necking connection
between a needle-like and a hexagonal crystal of Al4C3 is clearly ob-
served.
The high cooling rates imposed during the process resulted in a high
density of dislocations, forming dislocation networks, loops, and forests
that can be seen in Fig. 6 (a) and (b). The introduction of high densities
of dislocation in SLM parts has been reported for a range of materials
[45] and a correlation between the process parameters used and the
density of dislocations created has been established by Ma et al. [46].
The more reheating and re-melting in the process, the lower the density
Fig. 3. The XRD patterns for the raw materials, ball-milled powders, and SLM samples are shown in (a) with the inset showing a zoomed-in view for the MWCNT peak
in the SLM sample. The peaks for Al are denoted by stars (*), the peaks for MWCNT are denoted by squares (■), and those for Al4C3 are denoted by circles (●). (b) A
comparison between the FWHM of the peaks of as-received Al powder, high energy ball milled HE-BM Al-2wt%MWCNT powder, and SLM Al-2wt%MWCNT. Raman
spectra collected from the MWCNT, the Al-2wt%MWCNT powder, and the SLM sample are presented in (c).
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of dislocations due to dislocations recovery. The double-tilt capability
on the TEM's sample holder was used to achieve a 90° rotation in total
to reveal the side view of the carbides. This is shown in Fig. 6 (e) and (f)
for the needle-like and hexagonal particles, respectively. The mor-
phology of the needles remained the same with rotation whereas that of
the hexagons changed to conﬁrm they are hexagonal plates.
The Raman spectrum of MWCNT (Fig. 3) is consistent with that
expected for graphitic nanocarbons and contains a number of diag-
nostic bands: (1) the G (graphite) band – an in-plane carbon-carbon
stretching vibration of E2g symmetry, present in all graphitic nanos-
tructures – at ~1590 cm−1; (2) the D (defect) band – a breathing mode
of six-atom rings of A1g symmetry, requiring a defect for its activation –
at ~1350 cm−1; and (3) the 2D-band (occasionally referred to as the G′
band) at ~2700 cm−1 [47]. The Raman spectrum of more defective
nanocarbons, such as MWCNT produced by the chemical vapour
deposition method, including those used in this study, are additionally
characterised by a D′ band – a vibration of E2g symmetry speciﬁcally
associated with disordered graphitic surface layers – at ~1620 cm−1,
resulting in the asymmetric line shape of the G band and the existence
of overtones (2D′) and combination modes (D + D’) in the higher
frequency region.
The spectrum from the Al-MWCNT powder sample showed an in-
crease in the intensity of the D band and reduction in the 2D band (both
relative to the G band) indicating a decrease in the intra- and inter-layer
ordering of the graphitic lattice, respectively, after milling, i.e. milling
damaged the graphitic structure of the MWCNT, consistent with the
results from XRD analysis where no ordered graphitic phase was ob-
served. There is also a shift in the position of the G band to higher
energy after milling, which could indicate possible charge transfer be-
tween MWCNT and Al or result from stress/strain of the graphitic
Fig. 4. (a) TEM images showing the two types of aluminium carbides in the Al-2wt% MWCNT SLM samples with their range of sizes in (b) and classiﬁcation in (d).
The hollow core of the hexagonal carbide nucleated is shown in (e) with the layered spacing in (f). The SADP for Al and Al4C3 are provided in (g) and (h).
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lattice upon binding to Al, but is most likely associated with an increase
in the intensity of the D’ band, symptomised by increase in the intensity
of the associated combination and overtone modes and causing an ap-
parent symmetrisation and blue shift of the band at ~1590 cm−1.
After SLM processing, there is an apparent increase in the intensity
of the 2D band and subtle reduction in the intensity of the D band
(relative to the G band), accompanied by a shift in the position of the G
band to approximately that observed in the parent MWCNT. This sug-
gests that the heat generated during SLM is suﬃcient to induce re-
graphitisation – a process expected to happen above 1600 °C – thus
increasing the intra- and interlayer structural ordering relative to the
ball milled sample and justifying the observation of peaks associated
with MWCNT in the XRD pattern for the SLM sample. It is important to
note that the observed band at ~2910 cm−1 is not exclusively asso-
ciated with the D + D’ band and contains a contribution from the C-H
stretching vibrations of an aliphatic hydrocarbon impurity on the sur-
face of the sample. This can be attributed to the PCA used during
milling. False colour images (Fig. 7) derived from Raman spectroscopic
mapping describe the distribution of Al4C3 and nanocrystalline gra-
phitic carbon (most likely associated with MWCNT) within a 50×50
μm area of the polished cross-section of the SLM material. MWCNT –
diagnosed by the intensity (as height) of the D band (1000-1475 cm−1)
– are found in the majority of locations within the appraised area, in-
dicating eﬀective dispersion of MWCNT within the matrix, with some
evidence of clustering into ~5–10 μm aggregates. Al4C3 – characterised
by the A1g vibrational mode (435-530 cm−1) – was found to be
Fig. 5. Deep etching in Keller's reagent revealed the impressions of where the Al-carbides were in (a). One of the MWCNT poking out from a hexagonal Al4C3 particle
is shown in (b). MWCNT within a needle-like Al-carbide can be seen in (c).
Fig. 6. High dislocation density forming networks and forest around the Al-carbides, as observed by TEM in (a) and (b). Needle-like Al4C3 in the Al matrix is shown in
(c) and the lattice fringes are in (d). Needle-like and hexagonal Al-carbides imaged using tilts of (−45°) and (+45°) are presented in (e) and (f).
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homogeneously distributed, yet the peaks are quite broad and ill-de-
ﬁned, indicating low crystallinity (Fig. 7).
The EBSD analysis showed that the grain structure has a pre-
dominant columnar morphology, as indicated in Fig. 8(a and b), which
depicts the typical microstructure found in the sample with grains
predominantly aligned parallel to the build direction. The grain size is
however heterogeneous with grain reﬁning as the sample height in-
creased, i.e. adding more layers during processing. This implies that as
layers are progressively added, the deposited structure coarsens, being
sustained by heat transfer through the layers, i.e. material re-melting
and reheating, and the epitaxial growth. Indeed the lack of constitu-
tional undercooling (as there are no alloying elements), combined with
the material's high thermal conductivity and high solidiﬁcation speed
intrinsic to SLM produce shallow melt pools, with heat mainly dis-
sipated vertically, giving rise to a distinctive columnar morphology.
Large scale EBSD mapping revealed an overall weak texture with
columnar grains adopting no preferential solidiﬁcation direction (Fig. 8
(d) – contour pole ﬁgures). The lack of crystallographic texture is
consistently reported with the additive manufacturing literature of Al
alloys: the intrinsic high conductivity of the materials implies that the
“easy” growth direction (100) typical of cubic materials does not
dominate the solidiﬁcation of Al alloys.
As expected, given the high cooling rates typical of SLM, the sub-
structure that make up the columnar grains consists of ﬁne cellular
grains, as shown in Fig. 8 (c). Energy dispersive X-ray diﬀraction (EDX)
analysis revealed that the cell boundaries are richer in C relative to the
cores. This is evidenced in the EDX map in Fig. 9. This corroborates well
with the TEM investigations presented in this manuscript that indicate
higher concentration of Al4C3 at the grain boundaries. According to
these ﬁndings, it can be articulated that upon reaching the operational
temperature of the cells, molten Al would ﬁrst react with C at the nu-
cleation sites on the MWCNT to form Al4C3, then the Al starts to in-
ﬁltrate through the MWCNT in the latter stage of the solidiﬁcation and
pushes the Al4C3 towards the grain boundaries.
Fig. 7. Mapping using Raman spectroscopy for the area shown in the optical micrograph in (a). The maps show the distribution of (b) Al4C3 and (c) MWCNT.
Fig. 8. (a) Inverse Pole Figure (IPF) map
(2.86 μm step size) showing the columnar mi-
crostructure and weak texture in the SLM sam-
ples, (b) IPF map (0.34 μm step size) focussing
on the columnar microstructure growing par-
allel to the build direction, (c) higher resolution
IPF map (0.1 μm step size) showing the cellular
solidiﬁcation within the material's columnar
grains, and (d) contour pole ﬁgures showing the
texture intensity in the samples. All the IPF are
plotted along the build direction indicated by
black arrows in the micrographs.
N.T. Aboulkhair, et al. Materials Science & Engineering A 765 (2019) 138307
8
3.4. The mechanical properties
The values for some of the Al-CNT composites produced by a range
of conventional processes are presented in Table 1. The micro-hardness
of the SLM samples collected from the plane perpendicular to the build
direction (XY-plane) was 47.0 ± 0.4 HV. As evident in Table 1, the
material's hardness depends primarily on the fabrication method, which
dictates the resultant microstructure and type of reinforcement(s). For
instance, using ball milling yields materials of relatively elevated
hardness owing to the grain reﬁnement and increased density of dis-
locations imposed by severe plastic deformation. Mechanical mixing,
spark plasma sintering, and hot isostatic pressing, on the other hand,
produce a softer material. Nevertheless, variations in mechanical re-
sponse exist while using the same manufacturing method. This can be
attributed to diﬀerences in the types of MWCNT used, as well as the
degree of dispersion realised using various mixing and milling condi-
tions. The presence of MWCNT in the material during melting and so-
lidiﬁcation strengthens it, compared to the unreinforced equivalent,
through them acting as nucleating sites as they increase the work
hardening and thermal conductivity in addition to being second phases.
The rapid melting and solidiﬁcation common in SLM can be favoured to
limit the reactions between MWCNT and the matrix because the re-
activity increases when the matrix is in a liquid form. This requires
further investigations on the eﬀect of altering the process parameters on
the extent of reactions between the Al and MWCNT. Considering the
micro-hardness results, the SLM material showed results that are
comparable to the cold-pressed and sintered counterpart whilst being
softer than other conventional production routes. Furthermore, its
nano-hardness was signiﬁcantly lower (by ~55–64%) than the re-
ference material – produced by powder metallurgy. One of the reasons
behind this reduction in mechanical performance can be the partial
decomposition of MWCNT when irradiated by laser in SLM forming
hexagonal and needle-like Al4C3, as observed in the SEM and TEM
images, which is not the case when processing by conventional
methods. Although Al4C3 do strengthen pure Al due to their crystal-
lographic structure and acting as obstacles to dislocation motion,
therefore hardening the material, their eﬀect here was not as signiﬁcant
since they are compared to CNT reinforcements which are known to
provide signiﬁcantly higher hardness. In addition, the microstructure
coarsening by SLM, as evidenced by the FHWM measurements from the
XRD patterns analysis, contributes to softening the material. One of the
mechanisms by which CNT improves a material's hardness is through
reﬁning the grain structure [48], which was compromised here by the
eﬀect of laser processing. Porosity in SLM samples is known to depress
the mechanical performance of the parts manufactured. The samples
prepared in this study had a relative density of 99.52 ± 0.02%. It has
also been established in the literature for CNT composites that the
hardness is directly proportional to the relative density of the samples
[49]. Further investigations are currently underway to optimise the
SLM process parameters in order to achieve a balance between mini-
mising the amount of porosity and defects forming in the sample and
limiting the reaction between Al and MWCNT forming the Al4C3 phase.
The indentation modulus of the SLM samples was 64.7 ± 0.9 GPa,
which is comparable to that of the reference material (71.5 GPa [39]),
only 9% lower. This is because the modulus of a material is an intrinsic
property that is controlled by the atomic bonding within. Therefore,
this was not be aﬀected by the manufacturing process used to fabricate
the test specimens. The hardness, on the other hand, is an engineering
Fig. 9. Band Contrast image (a) and the corresponding EDX map for carbon (b) showing that the cell boundaries are richer in C than the cell cores.
Table 1
A list of some of the hardness data reported in the literature for Al-2wt%CNT
composites produced using a range of techniques.
Processing technique Micro-hardness
(HV)
Nano-hardness
(GPa)
Source
Selective laser melting 47.0 ± 0.4 0.54 ± 0.01 This work
Cold Pressing and Sintering 50 – [50]
Ball milling and powder
metallurgy
– 0.8–1.6 [51]
71 0.74 [52]
137 1.24 [39]
73 – [40]
Mechanical mixing and
powder metallurgy
74 – [40]
Spark plasma sintering SPS 88 – [53]
Spark plasma sintering
SPS + Hot extrusion
52 – [53]
– 0.77 [54]
Hot Isostatic Pressing 62 – [53]
Stir casting 69 – [55]
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property, which is inﬂuenced by the microstructure and defects in the
material, among other factors. Hence, the variation in hardness with the
manufacturing process.
4. Summary and conclusions
An Al-MWCNT composite fabricated by high energy ball milling
followed by laser powder-bed fusion was investigated. Adding MWCNT
to pure Al and utilising the in-situ alloying capability of SLM enabled its
processing for the ﬁrst time, compared to the unalloyed material. The
strong bond and good dispersion in the matrix promoted the energy
transfer from the MWCNT to Al whilst maintaining the heat at the ir-
radiated spot for longer, improving the melt eﬃciency of the material.
The uniformity of MWCNT dispersion in MMC is critical to the struc-
tural capability of the material, which depends largely on the manu-
facturing technique, with ball milling resulting in moderate to good
dispersion. The layer-by-layer additive manufacturing approach in SLM
strongly inﬂuenced the reinforcement's dispersion through migration,
promoting segregation at the upper layers. This phenomenon has been
observed in the case of stir casting and to the authors' knowledge, it was
not previously investigated in the case of SLM.
Ball milling increased the extent of disorder within and between the
graphitic lattices of MWCNT and introduced small, but measurable,
amounts of amorphous carbon. SLM resulted in the formation of semi-
crystalline Al4C3 and the partial re-graphitisation of MWCNT.
Spectroscopic mapping indicated that (i) the carbide phase was dis-
tributed uniformly across the mapped area and (ii) clustering of
MWCNT was observed, but MWCNT were present in nearly all areas
within the map in lower amounts. Therefore, it can be asserted, based
on the experimental evidence in this paper, that the MWCNT can sur-
vive the laser irradiation during SLM. The interfacial reactions between
the MWCNT and Al resulted in an Al matrix decorated with needle-like
Al4C3, hexagonal particles of Al4C3, and MWCNT. The carbides formed
via two diﬀerent mechanisms, namely direct precipitation and dis-
solution-precipitation. Dislocations forests and networks developed in
the material due to the rapid melting and solidiﬁcation associated with
the process. The sample exhibited an overall weak texture. In some
regions, columnar grains grew parallel to the build direction and in
others; these were slightly inclined. These columnar grains were made
up of sub-grains or ultraﬁne grains/cells of a random texture. A ﬁner
microstructure was observed at the top layers, which was attributed to
MWCNT migration with layer addition. Despite their positive inﬂuence
on the material's processability, MWCNT did not seem to grant the
material superior mechanical properties as it would in the case of
conventional processing.
The novel work presented in this study has led to a number of new
research questions that remain to be answered. These include tailoring
the ball milling conditions (including the MWCNT type and content) to
control the fracturing and cold welding of the powder particles to re-
duce the impact of severe plastic deformation on the morphology of the
powder to fulﬁl the SLM material requirements. Nevertheless, new
approaches to powder feedstock preparations are to be devised. Further
on, the SLM process parameters require optimisation to improve the
relative density of the parts manufactured from the mechanically al-
loyed composite that can then be used in future research to monitor the
eﬀect of changing the process parameters on the material's micro-
structure. The response of the material produced using the route pro-
posed in this study to heat treatments may yield rich and exciting re-
sults, considering both the microstructural transformation and the
mechanical properties that are yet to be explored. It is also crucially
important to investigate the macro-scale static and dynamic mechanical
properties of the optimised parts produced utilising the integrated
outputs from these studies.
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